ABSTRACT: Sea ice communities were sampled across the Ross Sea in the austral autumn. The biota in first-year pack ice was assessed by measuring chlorophyll a (chl a), phaeopigments, total particulate carbon and nitrogen (POC and PON, respectively) and collecting samples for identification by microscopy. Physical and chemical parameters were also measured to characterize the environment. Chl a concentrations in ice ranged from 0 to 96.9 µg l -1 in discrete samples and from 0.02 to 20.9 mg m -2 for values integrated throughout floes. Maximum values were similar to those observed in first-year pack ice at other Antarctic locations. Chl a concentrations varied with ice structure and with latitude. POC:chl a and C:N ratios (molar) were high, possibly indicating detritus accumulations. The higher chl a levels north of approximately 72°S were apparently a result of ice forming in the south early in the season with subsequent advection to the north. These dynamics would result in older ice in the mid-or northern pack ice zone that was maintained in a favorable light and temperature regime during the seasonal progression of formation and drift. Chlorophyll levels were low in surface-layer communities. High chlorophyll concentrations were associated with internal communities. Bottom-layer algal populations, while present, did not reach the levels of high biomass reported for autumn blooms in some land-fast ice regions. Apparent nutrient and CO 2 depletion were correlated with biomass parameters but accounted qualitatively for only a fraction of the biomass accumulation measured. Overall, autumn ice-associated production in the Ross Sea may be lower than expected because of the ice drift dynamics, apparently low production in the near-surface layers of first year ice flows, and the absence of rich bottom-layer assemblages. 
INTRODUCTION
Microbial communities have been observed throughout the land-fast and pack ice surrounding the Antarctic continent (Garrison 1991) . These develop within microhabitats of the sea ice and are controlled by ice formation processes and physical and chemical environmental factors (Garrison 1991 , Palmisano & Garrison 1993 , Ackley & Sullivan 1994 , Garrison & Mathot 1996 , Lizotte 2001 . The ice-associated assemblages are characterized by large seasonal and spatial variation with respect to biomass accumulation and richness (Garrison 1991 , Garrison & Mathot 1996 , Dieckmann et al. 1998 . Field studies have suggested some predictability in the spatial distributions of assemblages throughout the ice-covered regions (e.g. see ) and in the vertical distribution of differing assemblages and microhabitats throughout floes based on ice-formation processes and the physical and chemical characteristics of the environment (Garrison 1991 , Horner et al. 1992 , Ackley & Sullivan 1994 . The seasonal cycle of solar radiation and temperature, which directly controls ice formation and melting, structures the microhabitats within ice and also determines the potential for photosynthesis, growth, and survival of organisms within the ice matrix (see Garrison 1991 and Palmisano & for a discussion). Modeling efforts -primarily using solar radiation, snow cover, ice optical properties, temperature, and related variables to predict photosynthetic potential -have been remarkably successful in reproducing the seasonal community development observed in some sea ice habitats, such as land-fast, bottom-layer communities (Arrigo et al. 1993a ,b, Arrigo & Sullivan 1994 . In other habitats, such as surface layers and internal habitats, modeling efforts have suggested significant production potential (Arrigo et al. 1998) . However, the predictions of models have not yet been extensively evaluated by comparisons with field observations. Moreover, the pronounced spatial variability observed in nature (e.g. Garrison & Buck 1991) suggests that in some ice microhabitats, variables operating on much finer scales than seasonally changing solar radiation and temperature must determine biological activity. As a consequence of the uncertainty about how the physical, chemical and biological processes within sea ice control community development, studies must still rely largely on observational evidence to validate the predictions of both quantitative and conceptual models of sea ice community development (Dieckmann et al. 1998 ).
The present study provided an opportunity to examine some aspects of sea ice ecology during the late autumn in the Ross Sea pack ice. Based on previous studies of sea ice structure here (Jeffries & Adolphs 1997) , we expected to find a gradient from the continental shelf, where ice floes were composed predominantly of congelation ice, to the deep water regions, where ice floes were composed of frazil ice and infiltration ice (also known as snow ice). Since highly developed autumn blooms have been reported in the bottom layer of congelation ice in land-fast ice at similar latitudes to the southern Ross Sea (e.g. Hoshiai 1981 , 1985 , Watanabe et al. 1990 ), the widespread occurrence of congelation ice in the southern Ross Sea pack ice (Jeffries & Adolphs 1997) suggested to us the potential for significant production during autumn blooms. In other Antarctic pack ice regions, frazil ice formation apparently leads to incorporation of organisms throughout floes as internal communities (Garrison et al. 1983 , Garrison 1991 . Such physical concentrating of biomass may also characterize the frazil ice-dominated northern outer pack ice regions of the Ross Sea, or biomass could develop by in situ growth. Similarly, accumulation of snow on ice floes in the outer pack ice region may lead to flooding at the snowice interface and the development of infiltration ice assemblages. Observations (Fritsen et al. 1994 ) and models for autumn ice in the Weddell Sea ) indicate significant autumn production by these near-surface communities in both the late summer and autumn periods, whereas modeling for the Ross Sea (Arrigo et al. 1998 ) suggests little production during autumn.
Here we describe autumn ice communities in the western Ross Sea pack ice along transects between the seasonal northern ice edge and the Ross Ice Shelf. This is a first effort to relate the pattern of ice algal biomass to forcing variables such as the light and temperature regime and/or the microhabitat of the ice biota as indicated by ice structural characteristics over a large icecovered region, and this study provides the first autumn observations of sea ice communities in the Ross Sea region.
MATERIALS AND METHODS
We sampled sea ice communities primarily along 2 north-south transects (Figs. 1 & 2) in the western Ross Sea pack ice during the austral autumn (7 May to 11 June 1998) from the icebreaker RV 'Nathaniel B. Palmer'. Continuous records of air temperature and solar radiation (Biospherical QRS-240) were collected using the ship's portable data logging system. Ice cover in the study region was estimated from selected SSM/I I (Special Sensor Microwave/Imager) satellite images obtained for the period of the study (Fig. 2) . Raw SSM/I signal data received directly aboard the ship with a TeraScan System were processed into ice extent and concentration charts using the NASA Team algorithm (Comiso et al. 1997) .
Ice floes > 20 cm thick were sampled at approximately 110 km intervals, i.e. every degree of latitude. Ice cores were obtained with a 7.5 cm diameter coring auger at a minimum of 3 locations from 'level' (unridged) portions of a 150 m transect. Snow depth and ice freeboard were measured at each coring location. An ice core for biological studies (i.e. measurements of chl a, particulate organic carbon and nitrogen [POC and PON, respectively] , and samples to enumerate the ice biota) was measured for total length and then cut immediately into ~20 cm sections. These were stored in 4 l wide mouth plastic jars and placed in a freeze safe to protect against temperature fluctuations. Replicate cores were taken at the same location, no more than 0.3 m from the biology core, to measure temperature distributions and bulk salinity and to determine ice structure and stratigraphy. Temperatures were measured every 10 cm with a digital thermometer inserted into holes drilled into the interior of the ice core. This core was then cut into 10 cm sections that were allowed to melt before their electrical conductivity was measured and converted to salinity according to Baker (1987) . Brine salinity was calculated from in situ temperature according to Assur (1958) , and brine volume was calculated from ice salinity and temperature according to Cox & Weeks (1983) .
A third core was taken to study its structure and stratigraphy in the freezer aboard the ship. Thin vertical sections were made using a band saw, and the crystal texture was examined between cross-polarized filters to distinguish granular and congelation ice (Jeffries & Adolphs 1997) . Samples of the structural core were retained for stable oxygen isotope analysis to distinguish between granular frazil ice and granular infiltration ice (snow ice) layers.
Core sections retained for biological studies were melted in 1.5 to 2.0 l of filter-sterilized seawater (pore size 0.2 µm). This procedure buffers organisms from extreme salinity and osmotic changes during melting (Garrison & Buck 1986 ). These core sections were allowed to melt for 48 h at -3°C. The original volume of the ice was determined by subtracting the added seawater volume from the final melted volume; concentrations of particulate material or densities of organisms were calculated based on original ice melt-water volume. Brine samples were directly removed from the surface of ice floes by drilling 0.15 to 0.65 m deep holes that filled with brine flowing in from the surrounding ice. These samples were primarily taken for estimating nutrients and total CO 2 . These dissolved substances can be measured directly in extracted brine without the dilution effect produced by melting ice core sections. On average the brine holes were 58% of the ice thickness (32 to 82% range), so that the brine samples may reflect properties within approximately the upper half of ice floes. The brine salinity was measured directly, as described for ice core salinity.
Chlorophyll a (chl a) was determined for melted ice samples and brine. Aliquots of approximately 200 to 900 ml were filtered through 25 mm Whatman glass fiber filters (GF/F) at ≤ 7 psi, pigments were extracted in 10 ml of 90% acetone for ~24 h at -20°C, samples were allowed to warm to room temperature and were then centrifuged for 5 min. Fluorescence of the extracted chl a was recorded before and after acidification (10% HCl) using a Turner Designs fluorometer that was calibrated using a commercial purified chl a standard. Chlorophyll concentrations were calculated from the fluorescence measurements as outlined in Parsons et al. (1984) .
POC and PON were measured by filtering 500 ml aliquots of melted ice samples or brine onto precombusted 25 mm Whatman glass fiber filters (GF/F). Filters were folded individually in precombusted foil and stored in Petri dishes at -20°C and shipped back to the laboratory for analysis. Carbon and nitrogen were analyzed using a Perkin Elmer PE2400 series II, CHN analyzer following the methods in Parsons et al. (1984) .
Determinations of dissolved nutrients (NO 3 +NO 2 , PO 4 , SiOH 2 , NH 4 and urea) and CO 2 were only done on brine samples. CO 2 samples were collected first to minimize gas exchange or temperature changes when brine was exposed to the atmosphere. Samples for CO 2 analysis were stored in 100 ml glass bottles with stoppers, treated with ~2 ml of HgCl 2 and sealed with silicone grease. CO 2 samples were stored at ~4°C in the dark until analysis. Samples for NH 4 were collected into 50 ml centrifuge tubes, and samples for other nutrients were collected in 60 ml polyethylene bottles. Samples for nutrient analysis were stored at -80°C and returned to the laboratory for analysis.
The analysis of total CO 2 was based on acidification of seawater, followed by gas stripping and subsequent measurement of the gas stream in a nondispersive infrared analyzer (Li-Cor CO 2 /H 2 O analyzer, Model Li-6262). Analysis of NO 3 +NO 2 , PO 4 and SiOH 2 was done 1998 (NBP98-3) . Stations where ice cores were collected for this study are identified by day of the year; multiple sites sampled on the same day are indicated with a dash and sequential numbers using standard QuickChem methods with a Lachat QuickChem 8000 instrument. Ammonium concentrations were determined using the phenylhypochlorite method of Solorzano (1969) as adapted by W. P. Cochlan (pers. comm.). The 25 ml brine samples were treated with 1 ml of phenol reagent and 1 ml of sodium nitroprusside followed by 2.5 ml of an oxidizing solution and placed in the dark at 4°C for up to 3 d (no less than 3 h) (Solorzano 1969) . Samples were analyzed with a Beckman DU640 spectrometer at 640 nm using a 10 cm cell. Urea was analyzed using a diacetyl monoxime procedure adapted by W. P. Cochlan (pers. comm.) from Price & Harrison (1987) . Then, 20 ml brine samples were acidified and treated with 2 ml of a diacetylmonoxime solution. After water bath incubations at 85°C for 40 min, followed by 30 min at 22°C, the samples were read on a Beckman DU640 spectrometer at 526 nm using a 10 cm cell.
RESULTS

Sea ice characteristics and environmental conditions
The summer ice minimum in the Ross Sea occurred in approximately mid-February (Fig. 2a) , about 52 d before we entered the area. By the beginning of the cruise, the northern edge of the ice reached ~67°S, with the ice cover reaching 80 to 100% concentration over most of the study area (Fig. 2b) . By the end of the cruise, the ice edge had reached ~64°S, and ice concentrations had increased to > 90% (Fig. 2c) . Some ice in the region survived the previous summer melt-back (see Fig. 2a ), so that there was the potential for some multiyear floes among the predominantly first year ice that formed during the February to June period. However, no multi-year ice was sampled for this study.
The ice cores ranged in length from 28 to 95 cm (Table 1) . Snow depth ranged from 0 to 36 cm. Freeboard levels ranged from -4 to 11 cm; the freeboard of many floes was close to sea level, so that there was a high potential for flooding at the snow-ice. There was an inverse correlation between snow depth and latitude (R = -0.55; N = 27, p < 0.01), but neither icecore length nor freeboard showed a significant association with latitude (Spearman rank correlation analysis). Overall, 53% of the ice was congelation ice, 34% was frazil ice, 12% was snow ice and 1% was other, miscellaneous types. However, the structural composition varied spatially (see Fig. 3 ), with congelation ice predominating to the south of 70°S (the inner pack ice) and frazil ice predominating north of 70°S (the outer pack ice). There was 7% infiltration ice in the inner pack ice almost 26% in the outer pack ice. Jeffries et al. (2001a) have reported that the amounts and spatial variability of these ice types in late fall 1998 were very similar to those reported in the Ross Sea pack ice in late fall 1995 (Jeffries & Adolphs 1997) . The salinity of brine sampled by flooding drill holes or calculated from ice core salinity and temperature data ranged from 34 to 173 psu (Table 1) . Ice core brine volumes ranged from 3 to 21% (Table 1) .
Air temperatures in the study area ranged from 0.5 to -33.0°C (Table 1 , Fig. 4 ). There was a strong latitudinal temperature gradient, with temperatures generally decreasing with increasing latitude (see Fig. 4 ). The largest temperature decrease was noted between 70 and 72°S, where average temperatures were -11.2 and -19.2°C, respectively. The lowest temperatures were recorded in the southern part of the study area, near the Ross Ice Shelf. Solar radiation also decreased with increasing latitude and as a function of date ( Fig. 5) . At the beginning of the study, day length was around 6 h at 68°S and 0 h at 76°S. By the end of the cruise (calculations based on 1 June), the entire area was experiencing 24 h of darkness. A month prior to the beginning of the study (8 April) there would have been approximately 8 to 10 h of daylight over the entire area.
Algal biomass, POC and PON in sea ice
Algal biomass estimated as chl a, POC and PON are summarized in Table 2 . All parameters showed large variability among the samples. One of the obvious features of the distributions was the markedly higher integrated chlorophyll stocks ( , respectively, and concentrations and stocks averaging 0.4 µg chl a l -1 and 0.2 mg m -2 south of 72°S. (Note that the designations 'outer' and 'inner' pack ice differ depending on whether the division is based on structural properties of ice or algal biomass.) Algal biomass also varied with ice structural type (see Table 2 ), with the maximum (> 96 µg l -1 ) found in frazil ice in the outer ice zone (Table 2) . On average, chlorophyll in frazil ice (23.0 µg l -1) was greater than in both infiltration ice (2.9 µg l Values are the percentages of the total core length examined. Note that we did not find infiltration ice in the southerly part of the study area in our limited core samples, but Jeffries et al. (2001a) found approximately 7% infiltration in the southern inter-ice zone ice), however, varied significantly in comparisons between the outer and inner ice zones: chlorophyll in frazil ice averaged 18.3 and 0.3 µg l -1 in the outer and inner ice zones, respectively, and chlorophyll in congelation ice averaged 4.5 and 0.5 µg l -1 in the outer and inner zones, respectively. Chlorophyll in infiltration ice averaged 2.9 µg l -1 . In our set of samples for chlorophyll analysis, infiltration ice was only found north of 70°S (see Fig. 3 ), although infiltration ice was found in both outer and inner pack ice regions in the more extensive set of structural samples collected by the sea ice physics program (Jeffries et al. 2001a) .
POC and PON were analyzed for a subset of ice samples (Table 2) . POC and PON were positively correlated with chl a in both frazil and congelation ice (Pearson's R = 0.81 to 0.95, p < 0.01 for all comparisons). No relationship was evident for infiltration ice (N = 4 samples). POC and PON concentrations, however, were significantly higher in frazil ice than in congelation or infiltration ice (Duncan multiple-range test, α = 0.05). C:N ratios were significantly higher in infiltration ice as compared to frazil ice, but no significant differences were observed between congelation and frazil ice or between infiltration and congelation ice C:N ratios. POC:chl a ratios were not significantly different among all ice types.
Nutrients and CO 2
Nutrient and CO 2 concentrations in ice varied with brine salinity (Table 3) , in part a reflection of higher brine salinity at lower temperatures. For comparisons of relative changes in nutrient concentrations in ice versus water, concentrations normalized by salinity are also shown in Table 3 . In general, the lower ratios of both nutrients and CO 2 in ice versus water suggest uptake and utilization by the ice biota. Normalized nitrogen ([NO 2 + NO 3 + NH 4 ]/salinity) was negatively correlated with chl a, POC, and PON (p < 0.10 was considered significant; N ranged from 18 to 22 for all comparisons calculated). Salinity-normalized PO 4 and SiO 2 concentrations were also inversely correlated, but with R-values that were not significant. Normalized total CO 2 showed the same inverse relationships as nutrients, but R-values were only significant for POC and PON correlated with CO 2 .
DISCUSSION
Autumn community development
The transition from austral summer to autumn marks the beginning of seasonal ice cover expansion along with decreasing light levels and temperatures. Most studies of sea ice community development have focused on the spring and summer seasons (e.g. review by Palmisano & Garrison 1993 , Lizotte 2001 ; however, some production and biomass accumulation may also occur during the austral autumn, as indicated by model simulations (Arrigo et al. 1998 ) and field observations (Gleitz & Thomas 1993 , Hoshiai et al. 1996 , Fritsen et al. 1994 ). In the Ross Sea approximately 60% of the annual increase of first year sea ice extent occurs from February (the seasonal minimum) through April (data from Arrigo et al. 1998 ) -a period when there is still sufficient light to support algal growth in sea ice over much of the region.
Overall, autumn sea ice algal stocks in the Ross Sea appear similar to those elsewhere in the Antarctic. Although chl a concentrations and stocks integrated throughout floes were extremely variable, they fall within ranges reported in autumn or winter first year pack ice from a number of other locations. For example, we (Garrison & Close 1993) found integrated chlorophyll stocks ranging from very low levels to >12 mg chl a m -2 in early-winter, first-year ice floes in the northern Weddell Sea ice edge zone. Dieckmann et al. (1998) , drawing on a large compilation of data from various locations, suggest that integrated stocks of up to 10-12 mg chl a m -2 are usual for first-year autumn pack ice. Between late summer and late autumn, a maximum of 30 mg chl a m -2 of algal biomass accumulation was observed in multi-year ice in the Weddell Sea at latitudes comparable to the present study site (Fritsen et al. 1994 ).
Large-scale distribution patterns
Over a large spatial scale, the seasonal and latitudinal variations in light and temperature are critical environmental variables for regulating algal growth in sea ice (e.g. Arrigo et al. 1998 ). On smaller spatial scales (both horizontally and vertically), ice formation dynamics and, in turn, the resulting physical and chemical properties of ice may determine where in ice floes microbial populations proliferate (Garrison 1991 , Horner et al. 1992 , Palmisano & Garrison 1993 , Ackley & Sullivan 1994 , Garrison & Mathot 1996 . Field studies, such as the present one, are essential in evaluating both quantitative and conceptual models of community development in sea ice.
Our finding a marked latitudinal break in biomass distributions in floes, particularly with very low stocks in floes south of 72°S (e.g. see Fig. 6 ), was initially Chl a (µg l ) integrated over ice core length. See Fig. 1 to determine station positions. Note that these data are summarized in Table 2 puzzling. Because ice formation began in the far south in February (see Fig. 2a ), floes at these higher latitudes would be expected to have had a long history of light exposure to allow growth and biomass accumulation. The likely answer to this apparent paradox lies in sea ice movement. The drift of the 'Aurora' in 1915 to 1916 (Wordie 1921 ) and more recently buoys deployed on floes in 1986 to 1988 (Moritz 1988 (Jeffries et al. 2001b , Jeffries & Kozlenko 2002 showed that ice formed in the Ross Sea inner pack ice is rapidly advected northward. For example, buoys deployed from the RV 'Nathaniel B. Palmer' between 75 and 76°S and 178°E and 178°W in May 1998 moved northnorthwestward at a mean speed of 0.16 m s -1 (13.8 km d , the floes that we sampled at 72°S on 14 May and 3 June, respectively, for example, were probably located 2.5 to 3°of latitude further south in mid-February, when the ice cover began to expand after the summer minimum (Fig. 2a) . Those floes were also probably older than the ice that we subsequently sampled between 72°S and the Ross Ice Shelf, since the more southerly ice would have formed to replace the ice being advected northward. Some of the younger, southernmost ice that we sampled must have originated in the Ross Sea Polynya that extends northward from the Ross Ice Shelf under the influence of katabatic wind surges (Bromwich et al. 1998 , Arrigo et al. 2003 .
The potential effect of ice advection on ice microbial communities is apparent. For example, for March to May at 75, 70 and 65°S we calculated the sum of light hours (Fig. 7) and average temperatures (Fig. 8) . The data clearly indicate a more favorable light and temperature regime for ice floes north of 70°S, particularly during April and May. It is reasonable to suggest that the high biomass of floes in the north (see Fig. 6 ) is a result of a longer history of biomass accumulation under favorable growth conditions that were maintained as floes were advected northward into light and temperature regimes that continued to be favorable. In contrast, new ice forming further south to replace displaced floes would have been both younger and subjected to lower light and lower temperatures as autumn progressed.
The evidence for the age of the ice along the transect, based only on our core length data, is equivocal. Whereas snow cover increased with decreasing latitude, possibly indicating a longer history of accumulation, ice thickness based on our core samples did not. However, hourly ice observation data on floe thickness -a much larger and more representative data set - (Jeffries et al. 2001b ) clearly show significant spatial variability in pack ice thickness, with a pronounced gradient from thin ice to thick ice between the ice edge and 73 to 74°S and from thick ice to thin ice between 73 and 74°S and the Ross Ice Shelf front at almost 78°S.
In general, atmospheric temperatures decreased with increasing latitude (Figs. 4 & 8) . Low ice temperatures and the resulting high brine salinities within the surface layers of the ice could have limited growth processes (e.g. Arrigo & Sullivan 1992) , particularly in southerly occurring ice. These effects, however, should Table 3 . Salinity (psu), nutrients (µM), and total CO 2 (µM kg -1 ) concentrations in the water column versus ice floes. Water column nutrients and total CO 2 were not measured during the present study. For a water column reference we used data collected from the upper 50 m at stations south of 68°S as part of the Joint Global Flux Studies (JGOFS) Southern Ocean Program, April to May 1997 (Process Cruise 97-3: nutrient data courtesy L. Codispoti, total CO 2 data courtesy of F. Millero). As described in the 'Materials and methods' section, nutrients and CO 2 are for the upper layers of ice floes only. Concentrations at bottom of table have been normalized to salinity be less apparent for bottom-layer populations that remain near the freezing temperature of seawater and experience in situ salinities similar to seawater. Thus, the latitudinal temperature gradient, by itself, does not seem to provide a satisfactory explanation for the generally low levels of algal biomass in southerly floes, and, specifically, the reason for such a sharp latitudinal break in biomass distributions could not be easily explained by air temperature. Among alternative explanations, the process of ice advection seems the most reasonable to explain the observed distributions.
Some of the biomass accumulations in outer pack ice floes (e.g. > 20 mg chl a m -2 and >90 µg chl a l -1 ) are among the highest previously reported from first year pack ice (e.g. see Dieckmann et al. 1998) . Overall the highest biomass concentrations were found in frazildominated floes (Fig. 9a) , which were most common in the north of the study area (see Fig. 3 ). Such elevated concentrations of chlorophyll in frazil-dominated ice can result from mechanical incorporation during the frazilpancake cycle rather than in situ growth (Garrison et al. 1983 (Garrison et al. , 1989 . Although mechanical accumulation cannot be discounted as an explanation for some of the elevated stocks in ice, in situ growth seems to be more likely. First, very high concentration factors associated with algal concentrations by frazil ice are infrequent and may require concentration mechanisms such as Langmuir circulation, wave pumping, or wind drifting of surface grease ice, in addition to the mechanical trapping of cells by frazil ice crystals (see Garrison et al. 1989 for a discussion). The generally higher levels of chlorophyll associated with frazil ice through the northern study area, as well as the concentration of both frazil ice and algal populations throughout floes (see Fig. 9a ), would be more consistent with in situ growth operating over a longer time-and spatial scale than the episodic harvesting events. Second, chlorophyll concentrations were also elevated in floes dominated by congelation ice (Fig. 9b,c) in the same region. Whereas mechanical incorporation can be invoked as an explanation for elevated algal biomass in frazil-dominated floes, this would not explain the elevated biomass in congelation ice. Finally, the reduction of salinity-normalized nutrient and CO 2 in ice (Table 3) is consistent with in situ biological activity. 
Physical control within microhabitats in ice
As indicated by ice structural studies (Jeffries & Adolphs 1997) , the increasing snow cover on floes in the north of the study area would provide the opportunity for development of surface-layer communities, particularly those associated with flooding and the formation of infiltration ice. Observed accumulation of algal biomass in the surface layers of ice floes, however, was low and in accordance with model predictions by Arrigo et al. (1998) (see Fig. 9 ). (The low accumulation in ice south of approximately 72°S was most probably explained by drift and the young age of ice as described above, and would not have been accounted for in the model predictions.) Low temperatures in the surface of floes, resulting in high in situ brine salinities, directly reduces photosynthetic rates (Arrigo & Sullivan 1992) , and biomass accumulation may be limited by nutrient or CO 2 replenishment from the underlying water (see Fritsen et al. 1998 ). Low ice temperatures may also reduce nutrient exchange because of their effect on the brine volumes and the permeability of the ice (Maksym & Jeffries 2000 , Golden 2001 ). Brine volume values of around 5% to 7% have been suggested as practical threshold values for differentiating between permeable and impermeable ice (Arrigo et al. 1998 , see discussions in Maksym & Jeffries 2000) . In the present study about 20% of ice core sections had brine volumes of < 5%, and about 40% were < 7%. These were largely surface or near-surface samples with mean salinity values of 126 and 87 psu (surface and subsurface, respectively) and mean temperature values of -9 and -7°C (surface and subsurface). There was a strong negative correlation between brine volume and latitude (R = -0.63; p < 0.0001) for surface and interior samples, which was largely a result of the marked temperature gradient across the study area (Figs. 4 & 8) . We cannot differentiate whether the development of surface-layer communities was low because of the suppression of growth at low temperatures and high salinities (Arrigo et al. 1998) or whether biomass was limited by nutrient supply (e.g. Fritsen et al. 1998) or whether a combination of these effects produced the observed distributions.
Most floes with appreciable biomass showed these higher concentrations as internal populations (see Fig. 9 ). Internal populations are ubiquitous features of the pack ice environment and may be formed by a variety of physical and biological processes (reviewed in Garrison 1991 , Palmisano & Garrison 1993 , Ackley & Sullivan 1994 , Dieckmann et al. 1998 . Clearly, based on accumulated biomass, internal populations seem to be the apparent sites of significant autumn production in the Ross Sea pack ice region. With respect to internal populations associated with congelation ice (Fig. 9b,c) , it would be difficult to determine whether these initially formed at the ice-seawater interface as bottom-layer populations and were subsequently incorporated in a growing ice, whether growth occurred within the ice, or a combination of both processes. As emphasized in the introduction, we had noted the extensive distribution of congelation ice reported by Jeffries & Adolphs (1997) , particularly in the inner ice zone, and had speculated about the potential for significant production in this ice microhabitat. Conceptual models of ice community distributions in the Antarctic have associated the productive, highly concentrated bottom-layer assemblages with congelation ice that occurs in land-fast ice regions (e.g. , Garrison 1991 , Legendre et al. 1992 , Ackley & Sullivan 1994 . Whether high biomass accumulations result primarily from ice structural makeup (i.e. the presence of congelation ice) or other aspects of the near-shore, fast-ice environment is not well known. In a previous early spring cruise (DiTullio et al. 1998) , we observed and sampled rich bottom-layer assemblages in the SW Ross Sea pack ice. This prior study was too late in the season to ascertain if such communities might have been more widely distributed in the Ross Sea before seasonal opening of the Ross Sea Polynya. Were such communities to extend northward in the Ross Sea during autumn, they would need to be accounted for in ice-based production budgets for this region. Presently, estimates are based on the assumption that such communities have a markedly restricted near-shore distribution (Legendre et al. 1992 ) -an assumption inadequately tested from field observations. Algal concentrations associated with congelation ice in the present study (Table 2 , Fig. 9b,c) , however, were considerably lower than the maximum chlorophyll concentrations of > 994 µg l -1 or integrated stocks of 30 mg chl a m -2 reported by Hoshiai (1981) and by Hoshiai et al. (1996) for autumn land-fast ice (presumed to be congelation ice). The probable low light history of floes in the inner ice regions of the Ross Sea as a result of the advection and replacement by younger ice provides a sufficient explanation for the absence of bottom layers in this region. However, even in the outer ice regions, where moderate algal concentrations were found in congelation ice (Fig. 9b,c) , they were more evenly distributed within floes as opposed to being markedly concentrated in the bottom few centimeters as reported from land-fast floes (Hoshiai 1981 , see Garrison et al. 1986 for a discussion). Hoshiai (1981) attributed the development of highly concentrated bottom-layer assemblages to adequate light and the stability of sea ice-water interface. Ackley & Sullivan (1994) also noted marked differences in the development of algal biomass in congelation ice in pack ice regions versus land-fast ice, and attributed them to more snow cover on pack ice and, hence, a lower light regime in pack ice bottom-layer habitats. It seems likely that the inherent instability of the bottom-layer microhabitat of pack ice floes could also limit biomass accumulation. For example, congelation ice at the bottom of late autumn and late winter first year floes in the Ross Sea often lacked the skeletal layer that denotes active ice growth; indeed, the smooth, scalloped bottom indicated that bottom melting was widespread (Jeffries et al. , 2001a . Observations and computer simulations indicate that bottom melting is due to high oceanic heat fluxes, and that as ice is removed from the bottom the snow load is amplified and the likelihood of surface flooding and snow ice (infiltration ice) development increases (Maksym & Jeffries 2000) . Thus, a variety of factors including the pattern of ice drift in the inner ice zone resulting in ice formation and growth after the period of favorable light, the decreased light regime resulting from increasing snow depth with decreasing latitude, or periods of ablation of the bottom layer of ice floes before and after flooding, may preclude the accumulation of autumn bottomlayer assemblages in spite of extensive amounts of congelation ice in this region.
Nutrient and CO 2 concentrations in sea ice
When our sampling began in May, there may have been sufficient light in the northern part of the study area to support algal growth, particularly in surface populations. We had initially intended to collect samples from only the surface layer to assess recent activity within this restricted microhabitat. Because of low temperatures and low brine volumes, it was necessary to extend cores for these collections into the upper half or more of floes to obtain an adequate sample within a reasonable time (see 'Materials and methods'). Thus these samples are an index of nutrient conditions well into the floes. Moreover, actual algal grown in these deeper layers may have occurred well before our sampling, and our measurements may not reflect conditions throughout the entire autumn growth season. That is, it seems likely that in the transition from summer to autumn in situ uptake processes may decline relative to nutrient replacement, so that April and May measurements may underestimate the nutrient draw-down during the actual growth process, which may have occurred in the February through March period. Nevertheless, nutrient and CO 2 concentrations in the pack ice that we sampled should not be limiting in the sense of uptake kinetics because in situ concentrations within brine were generally higher than values in the water column (Table 3 ; and see Gleitz et al. 1995 for other winter reports), largely because low temperatures result in concentration of brine. These observations differ markedly from summer reports (e.g. Dieckmann et al. 1991 , Gleitz et al. 1995 , Günther et al. 1999 , Kennedy et al. 2002 , when both nutrients and CO 2 can reach potentially limiting concentrations in some ice microhabitats.
Several researchers have used salinity-normalized nutrient and/or CO 2 data from ice to assess nutrient depletion within ice and/or to compare apparent nutrient depletion with biomass buildup (e.g. Garrison et al. 1990 , Dieckmann et al. 1991 , Fritsen et al. 1994 , Günther et al. 1999 , Kennedy et al. 2002 . Following this same approach, we assumed a first order estimate of the total nutrient reduction in sea ice could be calculated using salinity-normalized nutrient:salinity ratios (Table 3 ) (N relative = [N:salinity water -N:salinity ice ]) and the change in salinity from approximately the time of ice formation (~15 to 20 psu) minus the ice bulk salinity to calculate the total nutrient change (total N = N relative -∆salinity). We ignored the density correction to convert the final concentration from per kilogram to per liter values and assumed a bulk salinity of 7.7 psu; the overall average for ice core samples was the same for all samples. We also set the initial ice salinity to 15 psu to account for some brine loss in the initial stages of ice formation. Furthermore, we assumed that N decreases could be related to autotrophic carbon using a C:N ratio of 6.6 (Caron et al. 1990 ) and that C could be converted to chl a using a C:chl a ratio of 44 (A.G. & D.L.G. unpubl. data) . Similar logic was used to relate apparent total CO 2 depletion to POC directly.
Similar to the findings reported by others (Fritsen et al. 1994 , Günther et al. 1999 , Kennedy et al. 2002 , apparent nutrient draw-down accounted for only a fraction of the accumulated biomass. That is, in the present study, from calculations of apparent N depletion, predicted chl a was 9% of observed values, on average, but at the highest levels the observed values exceeded those predicted from apparent nutrient draw-down by >100-fold (data not shown). The discrepancy was larger for estimates of C from apparent CO 2 depletion; on average, the predictions accounted for only about 2% of the observed C (POC), and the highest observed values exceeded those estimated from apparent CO 2 utilization by > 200-fold. Even with considerable uncertainty about the actual magnitude of nutrient draw-down in ice (discussed above), such calculations strongly point out the importance of nutrient exchange processes between ice and water to account for observed biomass accumulations.
Biomass parameters and biota
The living biota in ice communities comprise a variety of organisms ranging from bacteria to metazoans (Garrison 1991 , Garrison & Mathot 1996 , and detritus is likely to accumulate within the ice matrix over time as a result of biological processes (e.g. Garrison & Close 1993 , Arrigo et al. 2003 . Overall the ice samples were characterized by very high C:chl a and C:N ratios (Table 2 ). These observations are not novel, as similarly high values have been reported in winter Weddell Sea ice (Garrison & Close 1993) and also in early spring samples taken in the Ross Sea ice in November 1998 (Arrigo et al. 2003) . As reported by Garrison & Close (1993) , POC, PON, C:chl a, and C:N within thicker floes increase as a function of ice thickness and agea pattern consistent with the hypothesis that detritus is accumulated in ice floes over time as the result of community processes. However, measurements of POC and PON in newly formed ice (Garrison & Close 1993) also showed high C:chl a and C:N ratios, perhaps indicating that detritus is incorporated into newly forming ice in the same manner that algal cells are mechanically incorporated (Garrison et al. 1983) .
In the present study POC and PON concentrations tracked algal stocks as indicated by chl a measurements, but, assuming reasonable C:chl a ratios (i.e. mean = 44, range = 23 to 94, A.G. & D.L.G. unpubl. data) for the algae in ice, only a small proportion of the total POC could be accounted for by autotrophs. Nano-and micro-heterotrophs comprised from 5 to 48% of the total biomass (determined by microscopy) over all the samples (Garrison et al. 2000) , so that accounting for this additional biomass component would still not reconcile the high POC:chl a ratios (Table 2) . Heterotrophic picoplankton were not examined in the study, but in previous studies (Garrison & Close 1993) their combined biomass was similar in magnitude to that of the larger heterotrophs. Using ATP measurements and a complete inventory of the living biomass, Garrison & Close (1993) were able to demonstrate that a large proportion of the POC in ice they examined was not part of the living biota, whereas both the high C:chl a and the high C:N ratios observed in the present study would be consistent with accumulation of detritus in ice; C:N ratios, however, need to be interpreted with some caution. For example, Günther et al. (1999) reported that under apparent nutrient stress in sea ice habitats, algal cells can produce carbon-rich but nitrogen-poor metabolites that can raise C:N ratios to as high as 35:1 (see Table 1 for the ranges in our data). In spite of cautions about other explanations for high C:N, we believe that the excess POC is likely to be accumulated detritus. One likely candidate for this fraction is transparent exopolymer particles (TEP), which Krembs & Engel (2001) suggested are associated with diatoms growing within sea ice. Among autotrophs, diatoms tended to dominate the high-biomass assemblages north of 72°S, and autotrophic flagellates characterized the assemblages south of 72°S (Garrison et al. 2000) . A more detailed manuscript on the biota is in preparation by D.L.G. et al., and further analyses of the relationship between the biota and bulk biomass parameter measurements may yield additional insights into community processes.
Conclusions
Overall the maximum level of ice algal biomass in first-year autumn floes from the Ross Sea is similar to that reported in other Antarctic pack ice regions. Similarly, measurements of POC, PON and the composition of the biota are also consistent with other studies. Although there is a pronounced seasonal and latitudinal pattern to light availability and temperature over the summer through autumn period, the spatial development of ice communities does not correspond to these physical gradients. Rather, a pattern of winddriven sea ice advection seems to determine the environmental regime within ice floes, resulting in low development of ice community biomass in the southern part of the ice-covered regions. On a regional basis, the low community development in the south may result in lower overall ice-associated carbon fixation. However, this may be offset by increased production in floes maintained in a more favorable growth environment by northward advection.
The southern Ross Sea pack ice differs from other Antarctic pack ice regions with respect to the greater amount and geographic extent of congelation ice. In spite of an apparently suitable habitat for rich autumn bottom-layer populations, this potential was not realized. When northward drift of floes in the area is taken into account, it was apparent that no 'autumn production' occurred because the ice formed in the south well after there was sufficient solar radiation to allow algal growth. Moderate levels of biomass, however, develop in northern floes within congelation ice-dominated floes, but as diffuse internal layers. Bottom-layer assemblages in pack ice may be reduced because of lower light as a result of greater snow accumulation, or because of the dynamics of ice formation and melting at the ice-water interface. In either case, the potential for significant production by 'land-fast ice' type bottom-layer communities is not realized.
Overall biomass accumulations in the surface assemblages were low. Low ice temperatures and high ice salinities may limit growth of algal cells directly, or biomass could be limited indirectly by low temperatures reducing ice permeability and thus nutrient exchange between ice and ocean. The pattern observed in firstyear ice from the Ross Sea differs from the significant accumulation of algal biomass in surface-layer communities as reported in the Weddell Sea by Fritsen et al. (1994) .
Moderate to high stocks of algal biomass develop in some autumn floes in the Ross Sea as internal populations. As with the bottom-and surface-layer communities, their development also appears to be determined by the dynamics of ice formation and drift in the southern Ross Sea.
Some caution is needed in extrapolating these conclusions to other areas of the Ross Sea Sector. First, the pattern of younger ice in the southern part of the icecovered regions may be produced by winds and ice conditions associated with the Ross Sea Polynya, and these may differ from dynamics in the ice-covered regions further to the west (see Fig. 2 ). Second, also west of the study location there is a considerable amount of summer ice (Fig. 2a) that will remain through the autumn and winter as multi-year floes. As reported by Fritsen et al. (1994) , autumn surface-layer blooms in multi-year ice from the Weddell Sea developed considerably higher biomass concentrations than we observed in first year ice surface communities in the present study. Both of these effects, because of the specific location of our transects, could give a conservative impression of ice-based production from this region.
Nutrients and CO 2 values in sea ice are reduced relative to those in surface waters. However, in situ concentrations in autumn probably remain at saturating levels for uptake kinetics because of concentration in high-salinity brine. Apparent uptake follows algal biomass, POC and PON values in ice, but quantitatively the estimated uptake will account for only a small amount of the biomass accumulation present.
